Objective: Murine P19 embryonal carcinoma (EC) cells can differentiate into spontaneously beating cardiomyocytes in vitro and have revealed important insight into the early molecular processes of cardiomyocyte differentiation. We assessed the suitability of the P19 cell model for studying cardiac ion channel regulation at the molecular and functional level. Methods: P19 cells were induced to differentiate towards cardiomyocytes. mRNAs for cardiac markers and ion channels were determined by RT-PCR at six timepoints during the differentiation process. Action potentials and individual ion currents were measured by whole cell patch clamp. Results: Ion channel mRNA expression of several channels is temporally regulated during differentiation, while others show little or no regulation. L-type calcium and transient outward channels are expressed from very early on, while sodium and delayed and inward rectifier channels are upregulated at somewhat later stages during differentiation, which mirrors the in vivo murine cardiomyocyte differentiation during embryogenesis. Spontaneous cardiomyocyte action potentials exhibit a low upstroke velocity, which often can be enhanced by hyperpolarizing the cells, hence activating thusfar dormant ion channels to contribute to the action potential upstroke. Action potential duration decreases considerably during the differentiation of spontaneously beating cells. In late stages, non-beating myocytes can be found which only generate action potentials upon electrical stimulation. Their shape is comparable to neonatal / juvenile ventricular mouse myocytes in culture. Finally, we show that P19-derived cardiomyocytes display a very complete set of functional ion channels. Conclusion: P19 cells represent a powerful model to study the regulation of myocardial electrophysiological differentiation at the molecular and functional level.
. Introduction
AP upstroke in these cells results from transient activation of inward sodium and calcium currents, directly followed Cardiac myocytes generate action potentials (APs) to by the activation of the repolarizing transient outward elicit cellular contraction. APs are produced by coordipotassium current I Subsequent activation of delayed TO. nated action of voltage operated ion channels. In adult rectifier channels, and eventually the inward rectifier ventricular myocytes, diastolic membrane potential is kept repolarize the cell again to the resting diastolic membrane constant by the inward rectifier potassium current I . The potential [1] . K1 The core of an ion channel is formed by a main (a)-subunit which comprises the actual pore through the 
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contribute to the further tuning of its gating and ion F12 (DF) (1:1) (Gibco, Breda, The Netherlands) conselectivity [1, 2] . Numerous studies have focused on ion taining 10% fetal calf serum (Gibco), 2 mM L-glutamine, channel characteristics at protein level in isolated neonatal 50 U / ml penicillin and 50 mg / ml streptomycin. Three and adult cardiomyocytes of various species. Study of the serum batches were tested for the highest efficiency for molecular regulation of ion channel expression in cardifferentiation of P19 cells. The resulting serum batch diomyocytes has gained less emphasis so far [2] because of (40A0196K) was exclusively used for all differentiation the lack of versatile cardiac cell lines. P19 embryonal assays. carcinoma (EC) stem cells are derived from an induced Differentiation protocol: day 0, spontaneous aggregation murine teratocarcinoma [3] and they can differentiate into of P19 cells was accomplished by transferring the cells cardiomyocytes in vitro. During this process, cells progress into 10-cm bacterial dishes containing a thin layer of 0.5% through a sequence of phases that is to a large extent agar / DF medium to prevent adhesion, in a concentration 6 identical to in vivo cardiomyocyte differentiation during of 1.10 cells / ml in a volume of 9 ml culture medium in embryonic maturation [4] .
the presence of 1% DMSO (P19S18) or without DMSO P19 EC cells have been used successfully to unravel (P19-ND). After 1 day, 7 ml of fresh medium was added genetic pathways involved in cardiomyocyte differentiation and on day 2, 7 ml medium was removed and replaced by (for reviews, see Refs. [5, 6] ). Due to its susceptibility to fresh medium. Day 4, aggregates (embryoid bodies) were incorporate and express ectopic genes, easy cell culture transferred to 6-cm tissue culture dishes and allowed to conditions and differentiation in large quantities, the P19
adhere. Medium was refreshed every second day. Beating model system provides some important advantages over cardiac myocytes were first observed at day 10, and mouse ES (mES) cells [7] . Thusfar however, electroclusters of beating myocytes could be isolated from day 14 physiological characterization of P19 derived caronwards. Beating cell clusters were excised, collected in 21 21 diomyocytes has received little attention [8] [9] [10] [11] . A study Hanks saline solution without Ca and Mg , and on the onset and maturation of electrophysiological activity dissociated in the same buffer supplemented with 0.13% of P19 derived cardiomyocytes is a prerequisite for future trypsin and 20 mg / ml DNAse (Roche, Mannheim, Gerstudies on the regulation of electrical differentiation. many) at 37 8C. After 25 min, dissociated cells were In the present study we investigate the electrophysiocollected by centrifugation, suspended in DF medium logical phenotype of cardiomyocytes evolving during containing differentiation serum (40A0196K), and replated differentiation of P19 EC cells. We have focused on ion on 0.1% gelatin coated coverslips or 3.5 cm dishes for channel expression at mRNA level in combination with the immunofluorescence and electrophysiology, respectively. functional properties. We demonstrate the sequence of functional ion channel expression during cardiomyocyte 2 .2. Immunofluorescence differentiation, resulting in early nodal-like APs to late ventricular-like APs. Finally, we demonstrate the presence To establish cardiac differentiation, cells were labeled of a complete set of functional ion channels in P19 derived essentially as described before [14] . The following anticardiomyocytes.
bodies were used: a-actinin (clone EA-53, Sigma), MLC2v (clone F109.3E1, Alexis, San Diego, CA, USA), Troponin-T (clone JLT-12, Sigma), Connexin43 (Clone 2, Transduc-2 . Methods tion Labs., Lexington, KY, USA) as primary and Texas Red or fluorescin isothiocyanate (FITC) conjugated don-2 .1. P19 cell culture and differentiation key anti-mouse (Jackson Immunoresearch, West Grove, PA, USA) as secondary antibody. P19 cells are amenable for subcloning resulting in more specialized clones [12] . We aimed at isolating clones displaying cardiac differentiation without dimethylsulfox-2 .3. Semi-quantitative reverse transcription polymerase ide (DMSO) to circumvent any direct influence of DMSO chain reaction (RT-PCR) on ion channel expression. Therefore, P19S18 cells [13] were transfected with the neomycin resistance gene to RNA was isolated using Trizol (Gibco) and reverse facilitate subsequent subcloning. Following G418 transcribed using M-MLV-RT (Gibco). Primers, annealing (neomycin analog, Sigma) selection for 3 weeks (400 temperature, product size and number of PCR cycles are mg / ml), 13 individual clones were isolated of which three depicted in Table 1 , including references for primers were tested positive for differentiation into beating muscle described previously. Primers for b-tubulin, a1c, SCN5A without DMSO. P19-ND (no DMSO) gave the highest and KvLQT1 were designed using VectorNTI software efficiency of cardiac differentiation and was used for (InforMax, North Bethesda, MD, USA). Products were subsequent experiments.
analyzed in 1.5% agarose, ethidium bromide stained gels. P19S18 and P19-ND cells were maintained in DMEMb-Tubulin was used as an internal standard. 5.6 mM glucose, pH adjusted to 7.4 with NaOH. The bath Dissociated and replated beating myocytes displayed a temperature was kept constant at 35-36 8C. Voltage and denser cytoplasmic appearance combined with a bright current signals were recorded using a custom-built amhalo around the cells (Fig. 1C) , in contrast to nonplifier (lowpass filtered at 5 kHz) and stored on a MacInmyocytes. This characteristic appearance remained in later tosh computer using custom made acquisition software stages (not shown). To confirm cardiac differentiation, (Scope) and analyzed offline with custom made software beating cell clusters were dissociated between days 15 and (MacDaq), kindly provided by Drs. Jan Zegers and Antoni 17, cultured on coverslips and subsequently stained for van Ginneken (Academic Medical Centre, University of cardiac muscle markers on days 17-24. Cells expressed Amsterdam, Amsterdam, The Netherlands).
the muscle marker a-actinin, regularly seen in a striated actinin positive cells also expressed aMHC (,10%) (not shown) and the gap junction protein Connexin43 (25-30%) (Fig. 1E ).
To determine and compare the time frame of cardiac marker expression in P19S18 and P19-ND cells, total RNA was isolated at the indicated timepoints from whole cultures (days 0, 4, 8 and 12) and from excised clusters of beating myocytes (days 16 and 21) and further processed for semi-quantitative RT-PCR (Fig. 2) . MLC2v mRNA expression could be detected in undifferentiated P19S18 cells. Increased expression levels could be observed at day 8 in P19S18 and P19-ND cells. Cardiac actin is expressed in the undifferentiated state of both cell types and became upregulated during the cardiac differentiation. Expression of other forms of muscle actin (smooth and skeletal muscle actin) do not match with cardiac actin in either cell type. Thus, P19S18 and P19-ND cells can be differentiated into cardiac myocytes.
.2. Ion channel mRNA expression during cardiac differentiation of P19 cells
To determine the time course of ion channel expression during differentiation of P19S18 and P19-ND cells, we analyzed the mRNA expression levels of the a-subunits of the main cardiac ion channels. Again, RNA samples were obtained during the course of cardiac differentiation, followed by semi-quantitative RT-PCR for seven different ion channels (Fig. 3) . In general, for most ion channels similar expression profiles were obtained from the two cell types. Many ion channel mRNAs were already present in undifferentiated cells ( tion. No consistent regulation was found of MERG A in either cell type or HCN1 / 4 in P19S18 cells. pattern due to its subcellular localization in Z-bands (Fig.  1D) . A broader (I and A bands) striated pattern was often 3 .3. P19 derived cardiomyocytes display shortening of observed with f-actin staining (not shown). Cells expressed the action potentials during differentiation cardiac markers MLC2v (Fig. 1F) , striated in A-bands, and Troponin-T (Fig. 1G) . Finally, a proportion of the aFollowing cell dissociation, action potentials were re- corded from individual cells or small cell groups (up to channels were present in undifferentiated P19-ND cells five cells) between days 16 and 25 of differentiation in (Fig. 3) . However, virtually no corresponding currents order to characterize electrical differentiation of P19-ND could be measured in whole cell patch clamp experiments derived cardiomyocytes. Mean cell capacitance, measured at this stage (50 cells, data not shown). in single cells, was 73.567.7 pF (n535 cells; 6S.E.M.).
In day 16 cardiomyocytes of P19-ND cells, mRNA for Fig. 4A shows spontaneous action potentials with diastolic all a-subunits of the cardiac ion channels investigated depolarization in a day 16 cardiomyocyte. The AP morcould be detected. In isolated spontaneously beating cells, phology was more or less uniform in day 16-18 cells, and several currents could also be measured from day 16 of an early embryonal or nodal-like type (Fig. 4B) , while onwards, although the amplitude of the currents differed in day 21-25 cells, action potential configurations were considerably between individual cells. Fig. 5A shows the more diverse and were nodal-like, atrial-like or ventricularinward L-type calcium current in a day 24 cell induced by like in nature (Fig. 4C, D and E) . APD shortened from applying depolarizing voltage steps form a holding po-50 108 ms to 56 ms during differentiation (Table 2) , although tential of 240 mV, which could be blocked by 600 mM 21 beating frequency, maximal diastolic potential and upCd (not shown). IV curves constructed from these stroke velocity remained similar in these spontaneously measurements (Fig. 5B, left panel) reveal the typical active cells (Table 2) . Within the population of day [21] [22] [23] [24] [25] threshold for activation of the L-type calcium current at a cells, a small subpopulation did not contract, although voltage between 240 and 230 mV and a peak amplitude at these were morphologically indistinguishable from sponta-0 mV. It has been demonstrated before that P19 derived neous beating cells. Such cells were electrically quiescent cardiomyocytes are able to express fast inward sodium and had comparatively negative resting membrane pocurrents as well [9] . To establish whether our P19-ND cells tentials suggesting an increased expression of inward also expressed fast inward currents when depolarized from rectifier channels. Moreover, they could be stimulated to more negative membrane potentials, we applied depolarizgenerate murine ventricular-like action potentials (Fig. 4F) ing test potentials from a holding potential of 280 mV. In with increased upstroke velocities and substantially deabout 50% of the spontaneous beating cells, we were able creased APD (Table 2 ) when compared to spontaneously to detect an additional inward current that activates at more 50 beating cells, suggesting the activation of sodium channels negative potentials than L-type calcium current (Fig. 5A , due to their negative membrane potential.
B, right panels). The threshold for activation of the current measured after depolarization from 280 mV was between 3 .4. Functional ion channel expression in P19-ND 270 and 260 mV and peak amplitude occurred between derived cardiomyocytes 230 and 240 mV which indicates the presence of either sodium or T-type calcium currents, or both. Regardless of Already at day 0, mRNAs for the a-subunits of six ion the exact identity of the fast inward current, our data indicate that its contribution to the AP formation is 15 ms / 150 pA current pulse. Upstroke velocity was negligible in these spontaneous cells, since the channels increased while APD was not significantly changed in 50 are largely inactivated due to the low maximal diastolic the hyperpolarized / triggered AP compared to the spontamembrane potentials.
neous APs. In four out of seven cells, the upstroke velocity To test the hypothesis that fast inward currents do not was increased more than three times (Table 3) . contribute to the action potential upstroke due to low Inward currents, activated upon hyperpolarization, were diastolic membrane potential, a constant hyperpolarizing measured to assess the presence of I and I . As depicted K1 f current was injected to increase the diastolic membrane in Fig. 7A , most spontaneously beating cells revealed only potential. Fig. 6 275 mV and the disappearance of spontaneous activity. myocytes (three out of eight) (Fig. 7C) . Next, an action potential was elicited by stimulation with a To measure outward potassium currents, 200 ms de- polarizing voltage steps between 230 and 70 mV from a steady state amplitude however, was rather variable. holding potential of 240 mV were applied, while 0.6 mM Nevertheless, the majority of cells expressed a current CdCl was added to the bathing solution to block L-type component with activation and inactivation rates that 2 calcium currents. In most cells, rapidly activating potasresemble an I -like current (Fig. 8A) . To hyperpolarize the cell to quiescence, 325 pA repolarizing current was delivered constantly, followed by a 15 ms long rectangular pulse of 150 pA to elicit an action potential as displayed in the current protocol in the top right panel. detected by immunofluorescence microscopy (data not shown). Similarly, despite the presence of ion channel mRNAs in undifferentiated cells, no corresponding ion currents could be measured, as noted before with respect to inactivation and a clear tail current. Most cells displayed the sodium channel [9] . In most RT-PCR profiles displayoutward currents which were a mixture of the extremes ing mRNA expression in undifferentiated cells, expression displayed in Fig. 8A and B. Average peak and steady state levels decreased during the initial aggregation phase (day current densities of such currents are given in Fig. 8C and  4 ), but subsequently increased in later phases. In P19-ND D.
cells a gradual increase can be seen in smooth and skeletal TO muscle actin between day 0 and day 12. Selection of two currents increased almost simultaneously. In P19-ND beating clusters on day 16 and day 21 led to an increase in cells this increase was even obvious before the onset of cardiac actin, while the other two actin forms were not contraction. The message for delayed rectifiers MERG B enhanced. This could be explained by either co-differentiaand KvLQT1 became upregulated later. Furthermore, the tion of whole cell culture into other directions than cardiac low upstroke velocity of the spontaneously beating cells at muscle, or by expression of other actin forms in cardiac days 16-18 points to the absence of a contribution of the differentiating cells, as observed also during in vivo sodium current to the action potential. Nevertheless, at this cardiac differentiation [15, 16] .
early stage of differentiation, the presence of sodium From day 16 onwards, well defined expression of channels cannot be excluded, since upregulation of cardiac protein markers and ion channels was observed.
SCN5A mRNA shortly followed after that of a1c and K 4.3 (Fig. 3) [17, 18] . Our results provide molecular as well as funcsion of MERG and KvLQT1 channels leading to increased tional evidence for this in P19 cardiomyocytes as well. The delayed rectifier current, while no significant effect was message for the a-subunits of channels underlying these observed on the maximal diastolic membrane potential.
Voltage clamp experiments confirmed that L-type caldiomyocytes. This indicates the occurrence of carcium currents and I -like currents were present in all diomyocyte maturation during the differentiation process.
TO beating myocytes from at least as early as 16 days and onwards. In addition, delayed rectifier currents could be 4 .3. Comparison of P19 cardiomyocyte electrophysiology measured in most cells. Based on the data presented in this with mES and embryonal /fetal cardiomyocytes study, it is not possible to unequivocally attribute these delayed rectifier currents to Kv1.5, MERG or KvLQT-1
Our results are in some aspects different from action a-subunits. Although KvLQT-1 mRNA is already strongly potential data as described for differentiating mES cells expressed in day 16 cells, typical slowly activating [17] . Due to the fact that mouse APs consist of a rapid first KvLQT-1 currents were never observed. In addition, the phase of repolarization in which already 80-90% of the accessory b-subunit MinK became detectable and upregufinal maximal diastolic membrane potential is reached, lated during differentiation from day 8 onwards (data not followed by a second relatively long final phase of shown). It remains a possibility that no or minor amounts repolarization, we were only able to determine reliable of KvLQT [17] , and APD 90 small population of quiescent cardiomyocytes was present values of 124 and 148 ms. In our quiescent late cells, in which the more negative membrane potential correlated upstroke velocities were also increased, although to a with the presence of I -current. These myocytes generlesser degree (62.5 V/ s) which may be attributed to the K1 ated short action potentials with relatively high upstroke difference in mean resting membrane potential between velocities, thus resembling fully differentiated murine mES and P19 cells (274.5 mV in mES vs. 259.0 mV in ventricular myocytes. This strongly suggests that during our quiescent P19-ND cells). As a result there may be a differentiation most cells host a more or less complete set more pronounced role for fast inward sodium and / or of depolarizing and repolarizing ion channels-apart from T-type calcium channels in upstroke velocities in mES I , which only appears in cells that enter the final stage of cells than in quiescent P19-ND-derived cardiomyocytes.
K1
differentiation into working myocardial cells. Another Furthermore, the APD in our quiescent cells was shor-50 intriguing sub-population of spontaneously beating cells is tened dramatically (16 ms). Therefore, the main difference the one that displayed I -currents. These cells might between the APs of mES and P19 cells is the strong f represent precursors of typical nodal cells. decrease in APD during differentiation in P19 cells in On day 10 the first beating cells could be observed in contrast to mES. Initial upstroke velocities are quite our cultures. In subsequent days, both the total number as similar in early mES and day 16-18 P19-ND cells but they well as the size of the beating clusters increased. This seem to differ significantly at later stages. suggests that the onset of cardiac differentiation is not Action potential recordings from mouse embryonic synchronous. This could in part explain the variability in ventricular myocytes demonstrate a shortening of APD action potential format and current densities. However, during development [21, 22] . 
